Abstract. Some recent developments in the fabrication of intrinsic Josephson junctions (IJJ) and their application for studying high-temperature superconductors are discussed. The major advantages of IJJ and unsolved problems are outlined. The feasibility of three-terminal devices based on the stacked IJJ is briefly evaluated.
Introduction
More than a decade has passed since the discovery of high-temperature superconductivity (HTS), but it still remains a challenge for physicists to derive a model which would explain the main experimental features of the new superconductors. In the majority of theoretical models of HTS, it is assumed that the normal and superconducting state properties of the layered high-T c cuprates derive mainly from the properties of the CuO 2 planes, while the other structural components in the unit cell act simply as charge reservoirs. The interlayer coupling has largely been considered as the mechanism of controlling the carrier concentration in the CuO 2 planes.
The c-axis (or out-of-plane) coupling has become especially important since the interlayer tunnelling model of HTS has been developed [1] . In this model, the energy gain that drives the formation of Cooper pairs is associated with a decrease of the kinetic energy due to the easy motion of the pairs accompanied by the impeded single-particle tunnelling along the c-axis.
Another important question is whether the normal state out-of-plane transport is coherent or not, and what the origin of the 'semiconducting' c-axis resistivity in the cuprates is. Theories of out-of-plane transport differ in whether the zero-temperature state of cuprates is 'metallic' with a finite c-axis resistivity ρ c , or insulating with an infinitely large ρ c (T → 0). Major c-axis transport models have been examined in the review article by Cooper and Gray [2] .
The physics of vortices has become one of the most quickly developing areas of modern physics. HTSs with their large anisotropy and thermal fluctuations represent a large research field where it has become possible to observe many new effects experimentally. A clear experimental evidence for melting of the classic Abrikosov vortex lattice in a wide temperature range below the superconducting critical temperature T c [3] has verified a number of theories and stimulated further experimental and theoretical studies.
The intrinsic Josephson effect (IJE) as a tunnelling of the Cooper pairs between adjacent CuO 2 planes inside the highly anisotropic layered HTS is an integral part of many theories on this subject and is of primary importance for deriving properties of the vortex system [4] . It was experimentally confirmed by Kleiner and co-workers that the intrinsic tunnelling of the Cooper pairs indeed takes place in Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) [5] and other anisotropic single crystals (Tl 2 Sr 2 Ca 2 Cu 3 O 10+δ (Tl-2223) and (Pb y Bi 1−y ) 2 Sr 2 CaCu 2 O 8+δ (Bi(Pb)-2212)) [6] . In these experiments both dc and ac Josephson effects have been observed. The current-voltage (I -V ) characteristics for current flow in the c-axis direction exhibited large hysteresis and multiple branches. These results clearly showed that all the materials behave like stacks of superconductor-insulatorsuperconductor (SIS) Josephson junctions, see figure 1. The experimental discovery of IJE in HTSs is very important because it sets in the limitations on possible theories of HTS and requires reassessment of many works. The experimental works involving c-axis tunnelling in highly anisotropic HTS but failing to demonstrate IJE should be regarded with discretion.
A review of all these observations and the present status of research regarding theoretical understanding of the intrinsic Josephson effect has been given some time ago [7, 8] . For an unsorted collection of recent works on the intrinsic Josephson effect, see [9] . In this article, I will try to demonstrate that the intrinsic tunnelling is not only an interesting subject for research by itself, but has already become a powerful tool for studying the nature of HTS and physics of vortices, and is on its way towards applications in superconducting electronics.
The article is organized in the following way. First, I will overview existing experimental techniques for making the intrinsic Josephson effect observable in transport measurements. Then, a discussion of the particular I -V characteristics will be given with emphasis on the superconducting gap and sub-gap features as seen from the intrinsic Josephson tunnelling. The heating problem will be discussed. The effect of temperature, magnetic field and pressure on the c-axis critical current and form of the I -V characteristics and also implications for some theories of HTS will be described. In conclusion, three possible configurations of devices will be evaluated.
Experimental techniques

Single crystals. 'As is'
To see the IJE from the transport measurements one can simply apply the current in the c-axis direction of a single crystal and monitor the voltage [5] . However, since common single crystals are ∼1 mm 2 in size in the lateral direction, and the c-axis critical current density j c is of the order of 10 3 A cm −2 [5, 6] , the c-axis critical current I c can be as high as 10 A. Given the contact resistance of 0.1 , the Joule heating of ∼1 W should be acknowledged. This means that one should use tiny crystals 0.1 × 0.1 mm 2 in size [5, 6 ] to be able to reach the critical current without heating problems and have some dexterity for handling such specimens.
Annealing at high temperature (>450 C) can be used to obtain good contacts. The annealing however inevitably leads to the diffusion of metal in the c direction and along any micro-cracks near the surface [10] , which affects the genuine interlayer characteristics †. Moreover, any hightemperature processing will result in the diffusion of oxygen in or out of the sample, so that the level of doping may become undetermined.
The I -V characteristics of even small bulk crystals with good contacts can still be affected by Joule heating due to the relatively large thickness of single crystals. A common thickness of Bi-2212 single crystals is about 3-10 µ m, which † The diffusion coefficient D of Ag in the c-axis direction of a Bi-2212 single crystal is ≈ 2.7 × 10 −14 cm 2 s −1 at 650 • C [10] . After t = 1 h of annealing at this temperature, Ag will diffuse as deep as ∼ √ Dt ∼ 10 −5 cm, i.e. affecting ∼100 surface IJJ.
means that there are usually about N ∼ 10 3 -10 4 intrinsic Josephson junctions (IJJ) in series across such a thickness. Assuming that each junction has a characteristic gap voltage equal to the superconducting energy gap 2 (∼25-50 meV), we obtain the sum-gap voltage to be ∼2N ∼ 10-200 V. We see again that the heating is a persistent problem for single crystals of usual size.
Lithography. 'Trimming' and 'carving'
An alternative approach to decrease the heating and facilitate study of an individual tunnel junction is to decrease the number of active junctions in the c-axis direction and to decrease their area by using existing and well developed photolithography and chemical or Ar-ion milling techniques for etching small mesa-structures on the surfaces of single crystals or thin films [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Using such technologies one can make areas as small as 2 × 2 µm [22] , and heights down to ∼15 Å [13, 26] , which in fact corresponds to the thickness of one IJJ in Bi-2212.
The technologies of mesa fabrication can differ in detail, but the general features remain the same, and are sketched in figure 2 .
(a) The single crystal is first glued on the substrate by an epoxy. This step is obviously absent in the case of a thin film. (b) Then, in order to get a fresh surface, the single crystal is cleaved with the aid of adhesive tape. Also absent for the thin film. (c) To protect the surface from water and chemicals during the photolithography, a thin layer of gold or silver is deposited immediately after the cleavage. (d) Photolithography is used to pattern the photoresist and define small mask structures on the surface. (e) Ar-ion or chemical etching is applied for some calibrated time to etch down unprotected by the photoresist parts of the single crystal or thin film. (f) A layer of insulation is applied and patterned accordingly (self-alignment and lift-off techniques may be used in the case of thin films which have a flat and smooth surface across the whole chip, while in the case of single crystals glued on a substrate this is hard to implement). (g) A thin film of normal metal is deposited and patterned to form contacts to the top of each mesa. In the case of small-area mesas there is only one contact on each mesa, while for larger mesas one can separate current and potential leads, which allows advantageous four-probe measurements to be performed.
Stacks of intrinsic junctions were also made from Bi-2212 whiskers [27, 28] , which are known to have the best crystal structure [29] and to have small enough sizes to apply the minimum of Ar-ion etching, see figure 3 . The whiskers grow in the a-direction and usually have small dimensions in both the b-and c-directions. As is seen from figure 3 , there are only two steps of Ar-ion milling in the process of making stacks. An obvious advantage of this geometry is the absence of normal metal contacts in the vicinity of the stack, which can provoke non-equilibrium quasiparticle injection effects at high bias currents.
Recently, very small submicrometre-sized stacks have been fabricated using the focused-ion-beam (FIB) technique [30, 31] . The authors claimed to substantially reduce the effects of self-heating and quasiparticle injection, and avoid the 'back-bending' of I -V characteristics at the gap voltage in their submicron stacks [31] .
Vicinal thin films
One can also use high-index substrates which are cut at a small angle to one of the main directions for making stacked IJJ. The epitaxial thin film grows in the same vicinal direction on such a substrate, which means that the film is made of many closely spaced 'steps', see figure 4. The current then flows along both the ab-plane and the c-axis directions. This geometry is advantageous for applications, and facilitates the heat escape from the stack into the substrate [32, 33, 34] .
Step-edges etched into the single-crystalline substrates can also be used for the fabrication of stacked IJJ [35] . Deposition of Bi-2212 or Tl-2212 thin films on such a substrate results in a geometry very similar to the stacks made from Bi-2212 whiskers, see figure 5 [35] . The height of the step and the thickness of the thin film dictate the resulting number of intrinsic junctions in series.
One more way to isolate the intrinsic junctions is to employ different orientations of grains in a polycrystalline Bi-2212 thin film. While a large part of the thin film is generally c-axis oriented, there are sometimes several needlelike grains of a 'wrong' orientation ((110) instead of (001)) grown in the body of the thin film. In such a grain, the c axis lies parallel to the substrate surface. By forming a bridge across the grain one can get a weak link consisting of many IJJ [36] . However, the critical current density of such junctions was found to be very low, about 30 A cm −2 , which probably demonstrates poor quality of the grain [36] . 
Ion implantation and artificial multilayers
Nakajima et al [37] have recently fabricated superconducting stacks of Bi-2212 IJJ imbedded in a non-superconducting matrix of the same material where the superconductivity has been destroyed by the Si-ion implantation. The height of the active stack is approximately set by the depth of Si implantation, see figure 6 . Such stacks may have some advantages. For instance, no isolation layer between the main part of the crystal and the leads to the top of the stack may be needed because a high concentration of implanted atoms can possibly make the surface layer of Bi-2212 completely nonconducting, facilitating wiring to the stack. Furthermore, the self-alignment technique may be used to fabricate submicron-sized stacks of IJJ. A layer-by-layer all-MBE technique for growth of hightemperature superlattices allows one to go beyond normal stoichiometric chemical composition of the thin film and engineer a specified artificial compound [38] . Josephson junctions fabricated from such multilayers may also have SIS-type current-voltage characteristics which is obviously very important for technical applications [38] . In order to trace a specified quasiparticle branch, one has to decrease the bias current immediately after the system happened to switch to a desired branch. If the system 'missed' it, one has to return to the zero-voltage state and make a new attempt. Note that there is no one-to-one correspondence between branches and particular junctions in the stack. One and the same branch of the I -V characteristic may result in concurrent action of different junctions in the stack at different instances.
c-axis current-voltage characteristics
Superconducting energy gap
The quasiparticle branches in figure 7(b) are separated in voltage by ∼2.5 mV, which corresponds to twice the superconducting energy gap Nb for Nb, 2 Nb /e, in accordance with S-I-S character of each junction. Furthermore, the branches are almost vertical at these voltages. The corresponding jumps in Bi-2212 are about 25 mV, and the current rise is gradual for all branches. Assuming that the same relation holds for the voltage jumps, δV ≈ 2 /e, we obtain that ∼ 12-13 meV for tunnelling in the c-axis direction. This value is about one half of the value obtained from the scanning tunnelling microscopy (STM) data [39] , or break-junction technique [40] .
Absence of the normal-state parts of I -V characteristics in figure 7(a) does not allow the exact detection of the superconducting-gap singularity, although in some experiments it was observed that the first branch had indeed almost vertical current rise at ∼25 mV [26] .
Several explanations have been suggested. The trivial heating explanation implies that the mesa can be up to several tens of Kelvin warmer than ambient temperature due to power dissipation in the junctions and low thermal conductivity of the material. The small is then simply due to decreasing with temperature (T ). On the other hand, the more IJJ switch to the normal state, the more power is dissipated. Therefore the voltage jumps should decrease for branches with higher count numbers. This is not the case in experiment with N < 15-20.
Non-equilibrium quasiparticle self-injection, which is typical for stacks of tunnel junctions, can also cause the gap to decrease [41] . Since the thickness of each electrode of an individual IJJ is about 3 Å only, the quasiparticles generated in one junction can easily penetrate others and increase the quasiparticle population. Furthermore, a charge imbalance at high current can initiate an additional voltage between potential and current leads and cause the 'back-bending' often seen in the four-probe and less commonly, in threeprobe measurements. At low currents, the results of threeand four-probe measurements are basically similar, and the separation in voltage between the branches is the same-20-30 meV [25, 35, 42, 43, 44, 45] .
The proximity effects suggested in [26] could explain both the reduced value of the gap parameter and its strong temperature dependence. Assuming that the BiO layers can be metallic or even superconducting due to proximity effects, the actual schematics of the IJJ becomes SS -I-S S rather than S-I-S. Then, the intrinsic tunnelling shows a smaller gap voltage corresponding to a weaker superconductivity (S ) of the BiO layers, δV = 2 S , see figure 1 [26] . The reduced and strongly temperature dependent energy gap has also been observed in some angle-resolved-photoemission (ARPES) experiments [46] .
In their three-probe measurements on small mesas, Itoh et al [16] managed to reach the normal-state parts of the tunnelling I -V characteristics with no negative dynamic resistance †. To reduce the electrical resistance of contacts to the mesas, they were annealed at 650
• C. The authors reported ∼ 25 meV, which is in accordance with STM or break-junction experiments.
Generally speaking, the identification of tunnel-spectra peaks for HTS does not seem to be an easy task, because the density of states ν(E) of a system composed of several 2D layers with different electron-coupling constant has quite a complicated structure. The maximum in ν(E) thus does not necessarily correspond to the order-parameter value [47] .
Sub-gap current
For common BCS-type superconductors, the sub-gap current I sg is negligible below the gap at low temperatures, I sg ∼ V /R N exp(− /k B T ). R N is the normal state resistance of a tunnel junction, and k B is the Boltzmann constant. For ≈ 12-13 meV, V ∼ 1 mV, R N ∼ 1 [13] and I ∼ 10 −17 A. Despite a large superconducting gap, IJJs have a non-zero quasiparticle current below the gap at all temperatures.
A non-zero I sg suggests a non-zero quasiparticle density of states below the gap, which is consistent with the most † The S-shaped characteristics with a heavy back-bending at the gap voltage usually witness to heating or non-equilibrium effects in the stacks of tunnel junctions. popular d-wave superconductivity-model of cuprates, when the superconducting energy gap parameter has nodes in certain directions of the k-space along the Fermi surface. However, other scenarios like resonant tunnelling [48, 49, 50] and pair-breaking effects [51] can also explain a non-zero sub-gap current.
In the simple approximation, the tunnelling current between two superconductors is [52] :
where f (E) is the Fermi function. For the suggested d-wave superconductors the density of states ν(E) is:
where θ = arctan(k y /k x ) is the angle in the k-space, and 0 is the maximal value of the energy gap parameter. Numerical computation of equation (1) yields curves very similar to the experimental ones [18] . On closer examination, this similarity is, however, noted to be qualitative only. The experimental dI/dV (V )-dependence always shows an upturn at high bias current, absent in the results of computing according to equation (1) . This dissimilarity was somewhat reduced by taking into account the heating and non-equilibrium effects [18] . Although reproducing the main features of the experimental I -Vcharacteristics, including the back-bending, the quality of the final fit of experimental points to theoretical equations is not perfect, see figure 6 in [18] . The necessity of introducing more fitting parameters and working mechanisms somewhat taints the conclusion of consistency between the d-wave superconductivity and intrinsic Josephson tunnelling effect, and poses again the question on the heating and non-equilibrium effects as inherent properties of the stacked tunnel junctions, see below.
Theoretical analysis of the sub-gap current of IJJ in Bi-2212 stacks has been undertaken in [31] . The experimental data were analysed in the framework of the BCS d-wave pairing model inside the layers, taking into account both the reduced, in comparison with the Ambegaokar-Baratoff value, j c , and the particular form of the resistive branch of the I -V characteristic. The authors conclusion was that the clean limit of the above-mentioned model with a resonant interlayer scattering and coherent tunnelling contribution provided a consistent description of the experimental data [31] .
Other materials
The intrinsic Josephson effects in transport properties were also observed in other basic HTS materials, like YBCO and LSCO. The former material needs to be annealed in non-oxygen atmosphere or vacuum in order to substantially increase the anisotropy and observe the intrinsic Josephson tunnelling. Several reports have been published to date [53] [54] [55] . However, the resulting characteristics are far from perfect to allow the junctions to be utilized for practical applications or basic studies. These experiments demonstrate however that the intrinsic Josephson tunnelling is a common property of almost all anisotropic high-T c compounds, which is of course important.
Heating and non-equilibrium effects
All high-temperature superconductors have a comparatively low thermal conductivity, which makes them prone to local overheating. Taking the thermal conductivity κ ∼ 10 −2 W cm −1 K −1 [56] , geometrical factor S/L ∼ 10 −3 cm (a typical area S of mesas ∼100 µm 2 and the thickness of a single crystal L ∼ 10 µm), we obtain the thermal conductance of about 10 −5 W K −1 . Even very small power dissipation of 1 mW (for I ≈ 3 mA and V ≈ 300 mV, corresponding to the sum-gap voltage of about 10 IJJ) yields the overheating δT ∼ 100 K.
The thickness of the thin films is an order of magnitude smaller than that of a single crystal. This implies that the heat sink is much better for thin films than for stacks on the surface of single crystals, and therefore the overheating in the former case should be noticeably smaller. However, looking at the published data, it is seen that the separation between the quasiparticle branches is the same, 20-30 meV [19, 57] . Furthermore, the heat release is proportional to the number of IJJ in the quasiparticle state. The larger the count number of the quasiparticle branch, the larger heat release and the smaller voltage jumps should be seen in I -V curves. This is again in contrast to experiments, where branches almost equidistant in voltage are usually observed for not too many IJJ in the stacks (<10-15).
Pulse measurements [58] [59] [60] can be employed to avoid the heating. The heat diffusion time τ for the above mentioned geometrical sizes can be roughly estimated taking the specific heat c h ∼ 0.2 J kg
and the density ρ ≈ 6.5 g cm −3 : τ ∼ c h ρL 2 /κ ≈ 15 ns at low temperatures. The longer diffusion times ∼ 1µs, measured in [58, 59, 60] may possibly be attributed to an annexed mass of the isolation and metal leads to the mesas.
In the pulse measurements on the stack with ≈50 IJJ [42] , the sum-gap voltage (about 1 V) was essentially dependent on the bias-current pulse duration. However, the separation between branches lying close to the zero-voltage state did not depend on it, strongly suggesting that the heating effects are not very important in the stacks with minimal number of IJJ and at low bias current [42] .
Simultaneous dc transport and the mesa-temperature measurements have recently been performed [59, 58] , allowing corrections for dc heating to be made. Using the contact resistance for the temperature sensing it was possible to trace out changes of the temperature during the measurements. Significant heating of up to 25 K was observed at low temperatures.
The experiments on sub-micrometre-sized IJJ fabricated from Bi-2212 single crystalline whiskers [30, 31] are of particular interest because of a small residual critical current. The authors observed no 'back-bending' of their I -V characteristics, suggesting no heating problems in the supersmall stacks. Simple estimations show, however, that although the heat release is indeed dramatically reduced in such stacks, the heat escape worsens also. Assuming the same value of κ ∼ 10
and the geometrical factor S/L = (1 µm)
2 /1 µm ≈ 10 −4 cm [30, 31] , we obtain the thermal conductance of the heat sink to be about 10 −6 W K −1 , i.e. an order of magnitude less than in the case of mesas. The dissipation of merely 0.1 mW causes the estimated overheating to be the same, 100 K.
These estimations can easily turn wrong because they implicitly use the assumption that the heat escape from the mesa takes place via diffusion of quasiparticles into the bulk of the single crystal. This assumption is certainly invalid in the case where the mesa height h is 100-200 Å only, because the mean free path of low-frequency phonons which make an essential contribution to the heat transport at low temperatures can be l p ∼ 1 µm h [56] . Such (nonequilibrium) phonons created in one of the IJJ can shoot through the whole thickness of the mesa before releasing their energy in the bulk of the single crystal. This underlines again the need for careful theoretical description of the nonequilibrium effects in the layered superconductors.
It has always been a problem to distinguish heating and non-equilibrium effects in stacks of tunnel junctions. An attempt has recently been made to see the charge-imbalance non-equilibrium effects in the surface CuO 2 layer of a Bi2212-mesa in contact with a normal metal [62] . It has been observed that the resistance of such a contact increases several times under the action of radio-frequency irradiation, suggesting that, in fact, the non-equilibrium effects can be independently measured.
Experiments with intrinsic Josephson junctions
Intrinsic tunnelling spectroscopy
Tunnelling spectroscopy has traditionally been used to probe the density of electronic and phononic states [52, 63] . The high-temperature superconductors have been intensively studied by such methods ever since these superconductors were discovered [64] [65] [66] .
Scanning tunnelling spectroscopy (STS) measurements are usually made in standard experimental set-ups with a sharp metal tip as a probe electrode placed near the surface of the investigated material. All these measurements probe basically the surface properties of the specimen. The surface of HTS is known to deteriorate due to atmospheric moisture, for instance. It is therefore significant to prepare a fresh surface by cleaving single crystal in high vacuum and low temperature [39] . Even then, the question about how well the surface measurements reflect the bulk properties remains open.
The intrinsic Josephson junctions offer a unique possibility of observing the corresponding quasiparticles involved in the tunnelling processes inside the single crystal, far away from the surface. This is an indisputable advantage of IJJ, which is however tainted by the scarce knowledge of the properties of intrinsic 'electrodes' and the absence of a well established model of superconductivity in the cuprates.
In the first experiments on IJJ, it was noticed that there were pronounced features not only in the dI/dV (V ) curves, but sometimes even in the I -V itself for V < 2 (T ) [45] , see figure 8 . The position in voltage of these features did not depend on the temperature, relatively small magnetic field, and geometrical sizes of the samples [45, 67, 68] .
Structures in the tunnelling spectra are usually ascribed to phononic or electronic origin (or a combination of the two) [63] . Phonon induced structures are usually weak, and are only seen in the second derivative of the measured I -V characteristic. The corresponding voltages are related to the temperature dependent superconducting gap voltage. The independence of the structure on the temperature rules out a direct phonon-assisted tunnelling mechanism [45, 67, 68] .
A thick mechanism, suggested in [67] was provoked by an evident one-to-one correspondence between the intrinsic tunnelling spectra and the Raman spectra obtained on one and the same single crystals [67] , see figure 9 . However, the absence of a particular theoretical model did not allow the authors to go beyond the purely speculative description that time [67] .
Several explanations have since been introduced [45, 69] . One of them phenomenologically suggested a kind of rectification of the Josephson radiation in the resistivelyshunted-junction (RSJ) model.
The resonant coupling mechanism between infraredactive optical c-axis phonons and oscillating Josephson currents was also proposed for explaining the sub-gap features [69] . Simple in physics, the model explained all experimental features. It is however hard to find accurate spectroscopic measurements of infrared phonons of Bi-2212 or Tl-2212 [70] in this range, which makes ultimate comparison with the theory complicated.
A similar model has recently been proposed, which incorporated all sorts of lattice excitations [71] . It was shown that the dI/dV features should exist at energies corresponding to the Raman peaks as well. The authors make reference to the break-junction experiments by Ponomarev et al [72] , where many features were observed in the dI/dV curves, which were ascribed to Raman-active phononic excitations. The problem of the sub-gap structures in the tunnelling spectra of high-T c materials does not therefore appear to be ultimately solved. More independent highresolution Raman and low-energy infrared spectra are needed to derive the right model.
Pseudogap
The pseudogap (PG) in the single-particle excitation spectra is one of the indications on the unusual pairing mechanism in high-T c superconductors. This phenomenon has attracted much attention in recent years, both experimentally [73, 74] and theoretically [74, 75] . Signatures of pseudogap in the normal state of quasiparticle excitation spectra have been seen in various experiments, like STM, NMR, specific heat, optical measurements, etc.
Common to all tunnelling experiments are I -V nonlinearities at temperatures well above T c , corresponding to increasing c-axis resistivity on decreasing temperature. Several studies involving intrinsic tunnelling have been also performed [76] [77] [78] [79] [80] [81] [82] [83] . However, intrinsic tunnelling experiments can have a problem of internal overheating at the large bias current needed to reach the normal-state parts of the tunnelling curves, see section 5. An attempt to overcome the heating problem has been made in the work by Suzuki et al [77] . The authors used short-pulse measurements and very thin stacks containing N ∼10 IJJ to avoid the heating problems in their measurements on slightly overdoped samples of Bi-2212 single crystals.
The typical dI/dV (V ) curves traced in such experiments consisted of pronounced peaks indicating the sum-gap voltage V g . The superconducting gap 2 = V g /N was deduced to be 50 meV at 10 K and to show a nearly BCSlike temperature dependence. A PG was also observed to evolve below 150 K, where the c-axis resistivity ρ c becomes increasing on decreasing temperature [77] , see figure 10 . Of importance here are the facts that (i) the PG is present in overdoped Bi-2212, which confirms earlier STM studies on Bi-2212 samples [84] , and (ii) the PG is not due to trivial overheating. The superconducting gap feature below T c looked to gradually pass into the pseudogap with temperature increasing through T c without a noticeable peculiarity at T = T c . Such a transformation may give rise to speculations on pre-formed pairs above T c , and on considering PG as a precursor of superconductivity [84] . Suzuki et al avoid, however, drawing such a conclusion from their experiments [76] . See, however, their very recent work, [78] , where this conclusion has been actually made, being based on experiments involving mesas with different oxygen content. In a set of experiments on mesa structures patterned on surfaces of Bi-2212 single crystals [81] and the same crystals intercalated with HgBr 2 [83] , the authors clearly observed that the PG and superconducting gap coexist below T c . The intercalation turned out to be an effective way for reducing j c and hence internal overheating, leaving T c almost unchanged. Note that the tunnelling barriers in intrinsic Josephson junctions of intercalated Bi-2212 are of a very high quality. Re-scaling the resistance of individual IJJ down to the area s typical for STM measurements (say, ∼5 × 5 Å 2 ), resistances as high as 10 12 can be obtained. Such values are even larger than the resistances of tip-to-surface tunnel barriers in STM experiments.
PG exists at all temperatures making a sort of 'background' for other features of tunnelling spectra, superconducting peaks and dips at V ≈ 3 (T ) [85] . The superconducting gap peaks move towards zero with increasing T , gradually losing their distinctiveness on approaching T c . This is similar to the STM measurements [84] , see figure 11 , and may be reminiscent of having PG and superconducting gaps merging at T T c . The loss of distinctiveness does not allow the precise location of the superconducting gap position. However, branches of the I -V characteristics at a small current are still distinct even close to T c (typically, up to T ≈ T c − 1). Assuming that the voltage jumps δV between branches are proportional to the superconducting gap, from the fact that δV I =const → 0 at T → T c , it was attested that the superconductivity does quench at T c [81] .
The shapes of R c (T ) dependences of both the pristine Bi-2212 and HgBr 2 -Bi2212 look very much alike, see figure 12 , despite a 20-fold difference in the absolute values. This means that the coupling between CuO 2 bilayers has no effect . Note the 20-fold difference in absolute values of resistance at T T c . The second 'transition' for the pristine Bi-2212 sample is due to 1-2 deteriorated junctions [25, 68] underneath the contact to the stack in the three-probe measurements.
on the shape of the c-axis resistivity. The semiconductorlike R c (T ) seems to be fully governed by the properties of individual CuO 2 bilayers. This throws discredit upon several models, like the thermally activated hopping model [86] , and, perhaps, the resonant tunnelling model [87] of the c-axis transport, because the intercalation most likely changes both the hopping probability and number of resonant centres.
Vortex matter
The physics of vortices appears to play a large part in high-temperature superconductivity. High transition temperatures, a layered structure and a short coherence length are the most unique properties of the new superconductors. Thermal fluctuations, which are particularly large in HTS, set the region of the B-T phase diagram where the vortex lattice can melt into a liquid. Different melting scenarios have been the topic of intense discussion during recent years.
The vortex lines in highly anisotropic layered HTS materials like Bi-2212 consist of the so-called pancake vortices. The superconducting screening currents of the individual vortices are confined to CuO 2 planes. Between the planes, there is only a weak Josephson coupling (plus magnetic interaction) which makes the fragments of an individual vortex line stack on top of each other. The disorder in the system, like the oxygen or crystal structural defects can impose irregular pinning potential on the vortex system. It may then be more favourable for the pancake to break the straightness of the vortex line and jump to a nearby pinning centre. This 'wandering' of pancakes causes the appearance of the in-plane component of the magnetic field, or the Josephson 'string'. In its turn, the local in-plane magnetic field produces the local phase variance. Being averaged over the space and time, it leads to a decrease of j c [88] .
Measurements of j c in the magnetic field can therefore provide information on the out-of-plane correlation of the pancakes. So far, the main experimental method of studying this was the Josephson plasma resonance (JPR). There are several features of the B-T phase diagram as seen in such experiments, involving the melting of the vortex lattice and some peculiar lines in the liquid phase of the vortex system. Assuming a sinusoidal phase relation, the critical current can be related to the microwave plasma resonance [89, 90] . j c is then proportional to the square of the frequency of Josephson oscillations, j c ∝ ω 2 p [91] . It has also been shown that both j c and ω p are equivalent in giving information about the interlayer phase coherence [92] . A detailed study of IJJ in a perpendicular magnetic field B ⊥ with direct measurements of the c-axis current-voltage characteristics has been performed recently [93, 94] . The multi-branched I -V characteristics pointed to the intrinsic Josephson effect in the samples with different oxygen content. Oxygen content had a pronounced effect on j c in the zero magnetic field-j c was four times larger in the oxygenated samples. In a non-zero B ⊥ , the c-axis resistance R c develops a peak below the zero-field superconducting transition temperature T c0 . The magnitude of this magnetoresistance peak effect (MRPE) appeared to be inversely proportional to j c or the oxygen content. In principle, the MRPE can be predicted from just zero-field measurements, as it comes from a competition between the sub-gap resistance R sg of IJJ at V → 0 and the Josephson coupling. The former can be directly deduced from the I -V characteristics. The one-to-one correlation between the zero-field R sg and the R c in the mixed state of Bi-2212 has been experimentally demonstrated in [95] . Figure 13 shows I c (T , B ⊥ ) for the oxygen annealed sample in magnetic fields of 0, 0.4, 1 and 2 T parallel to the c-direction. All measurements were made on warming in a constant field, applied before first cooling from above T c , to ensure as uniform a distribution of flux across the mesa as possible. Generally, the critical current I c decreases with applied field over the whole temperature range. On warming in a finite field, I c increases to a peak in the temperature range 15 to 25 K. At low temperatures the variation in I c from measurement to measurement increases as the temperature decreases, as illustrated by the increased size of the error bars. This is contrary to what would have been expected had thermal or extrinsic noise been the dominant source of the variation. The fluctuations in critical current could be explained either by stochastic fluctuations in the pinned vortex state from one cycle to the next, or by different metastable configurations of Josephson vortices trapped between the planes [96] .
Above the peak at T ≈ T , the critical current decreases, but with no onset of any resistance at low current bias. However, at T irr (B ⊥ ), which is identified as the irreversibility The lines drawn through the experimental points are only intended as guides for the eye [93] . Figure 14 . B-T diagram of vortex phases for fields perpendicular to the ab-planes suggested from the measurements of [93] . Open symbols represent the field dependence of the temperature T at which the maximum I c (B ⊥ , T ) dependence is observed. The irreversibility line was inferred from different measurements on Bi-2212 single crystals, see [93] .
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temperature, the characteristics become resistive at small voltages. T and T irr define three regions of the B-T phase diagram, see figure 14 . This involves two solid phases below T irr , where a zero voltage is observed, and a liquid phase above T irr , where the c-axis conduction is dissipative.
Irradiation by high-energy heavy ions, which produce columnar defects (CD)s across the whole thickness of a single crystal is believed to improve the c-axis correlation of the pancakes, and is expected to increase both the in-plane and out-of-plane critical currents. A regular triangular-lattice arrangement of CDs would lead to features in the c-axis correlation of pancakes at the matching field B φ (when the number of vortices equals the number of CDs) and its integer fractions [97] . For a more realistic situation of randomly distributed CDs it was numerically shown that the trapping rate of the pancakes as a function of the magnetic field B has a feature at B = 1/3B φ [98] . The I c of Bi-2212 mesas with columnar defects does indeed show a pronounced maximum at ≈B φ and shows no feature at B = B φ [99] .
Intrinsic
Josephson junctions in a parallel magnetic field. IJJ in a parallel magnetic field B have been studied more intensively due to potential applications for Josephson transmission lines or vortex-flow three-terminal devices. Theoretically, the system of stacked Josephson junctions is described by the coupled sine-Gordon equation, usually using the formalism of Sakai et al [100] and numerical simulations. The analytic solution for static and dynamic properties of stacked Josephson junctions has also been worked out [96] . The developments in this area have already been reviewed by Pedersen and Ustinov [101] .
Low-temperature (Nb-Al-AlO x ) 2 -Nb stacked tunnel junctions may serve as pilot models for intrinsic Josephson stacks in Bi-2212, despite their low T c and a possible difference in the nature of superconductivity and geometrical sizes of electrodes. Dynamic and static behaviour of the Josephson vortices in such low-temperature stacks of Josephson junctions is still a subject of intense experimental and theoretical investigations [102] [103] [104] [105] [106] .
Intrinsic Josephson junctions have very thin superconducting electrodes, much thinner than the London penetration depth λ ab . In a finite in-plane field, coupling via currents flowing along the superconducting layers become essential [107] . In all fields, the charging effects [108, 109] and the non-equilibrium quasi-particle injection were also anticipated as a coupling mechanism [110] .
The structure of the supercurrent distribution around the Josephson vortex in an anisotropic high-T c superconductor was calculated by Clem and Coffey [111] . The characteristic sizes of a Josephson vortex in such a superconductor have two length scales, λ c (in the in-plane direction) and λ ab (in the c-axis direction), both much larger than the thickness of the intrinsic Josephson junction. The streamlines of the supercurrent around the vortex centre are therefore zigzaglike due to the intervening insulating layers [111] .
For a magnetic field parallel to the CuO 2 planes, the focus of most studies has been to look for the expected Fraunhofertype field dependence of the c-axis critical current [5, 6, 27] . The typical lateral sizes of IJJ are of the order of 10 µm, and are larger than the Josephson penetration length:
where 0 is the unit flux, s ≈ 15 Å is the spacing between layers and µ 0 is the permeability of free space. λ J ∼ 1 µm for typical j c ≈ 10 3 A cm −2 and λ ab ∼ 2000 Å. This means that in practically all experimental cases one meets complications due to formation of the Josephson vortices in B = 0.
For SIS Josephson junctions with damping there is usually a resistive regime preceding the main critical current transition to the first resistive branch, see figure 15 . Such a behaviour was observed in linear stacks of artificial long Josephson junctions for fields parallel to the junction, and was identified with the vortex flow resistance [112, 113] . The vortex flow resistivity, defined as the dynamic resistance in the dissipative regime, is proportional to the magnetic field, see figure 15 .
The vortex-flow behaviour in stacks of IJJ has been comprehensively studied in a number of experiments [23, 24, 43, 114, 115] . Vortex-flow resistivities ρ vf of up to 10 −3 cm G −1 have been observed, which correspond to a voltage change of ∼0.03 mV G −1 at a fixed bias current close to I c (B = 0) [24] . The maximum velocity of Josephson vortices has been deduced from the experiments to be ∼3×10 5 m s −1 [114] , which is very close to the theoretical value for the Swihart velocity c S = c 0 d/λ ab √ [116] , where ∼ 25 is the dielectric constant of the tunnelling barrier, and c 0 is the velocity of light. Irie et al obtained a factor of three higher velocity, (1.5-1.8) × 10 6 m s −1 , partly due to a smaller = 6 used in their calculations [43] .
A microwave emission in the vortex flow regime at various frequencies between 6 and 18 GHz was observed by Hechtfischer et al [115] . A broad resonance-like emission signal has been detected at voltages 0.5-1.5 mV, with higher voltages corresponding to higher receiver frequencies [115] . For the longest junctions (500 µm), the authors observed that if they attached the bias and pick-up contact to one end of the stack, the microwave emission signal had an asymmetric form relative to the sign of bias current and applied magnetic field. The asymmetry corresponded to the direction of vortex motion; the larger emission occurred when vortices moved towards the microwave pick-up probe [115] .
Comparatively little attention has been paid to the Josephson vortex state and its dynamics at high fields apart from the search for thermodynamic phase transitions [117, 118] and investigation of the angular dependence of the plasma frequency ω 2 p ∝ j c (B) with field direction [119] . The field dependence of the critical current I c (B ) determined from the major jump to the first resistive branch at T = 25 K was found to vary as I c ∝ exp(−B /B 0 ), with B 0 ≈ 2.1 and 2.5 T for the argon-and oxygen-annealed samples respectively [93] . This is consistent with earlier single crystal measurements by Latyshev et al [120] .
The calculation of the density correlation function of the vortex liquid predicts approximately exponential decay of the c-axis critical current (plasma frequency) with the in-plane component of the magnetic field for fixed c-axis component [121] . The experiment may also be explained by assuming the small-bundle pinning regime of the Josephson vortices [93] for reasonable values of B and experimentally unavoidable non-zero misorientation angle between the field and ab-planes.
In high parallel fields, B > B cr ∼ 1.5 T, Hechtfischer et al observed a strong broad-band non-Josephson microwave emission which was not expected for conventional junctions. They explained the observation by Cherenkov radiation taking place when the vortex velocity exceeds the lowest velocity of electromagnetic wave in the stack [122] . See also the recent numerical simulations on locked superradiant vortex-flow states in stacks of IJJ [123] .
Pressure experiments
The correlation between I c of IJJ (as a direct measure of the interlayer coupling) and T c (as a measure of the condensation energy) of the Bi-based compounds Bi 2 (Sr 1.5 La 0.5 )CuO 6+δ (Bi-2201) and Bi-2212 has been checked experimentally [124] , using hydrostatic pressure P 1 GPa as a tool to alter the interlayer coupling in the single crystals. All the experiments were done on one and the same single crystals, and the variation of parameters among different crystals was avoided.
It was observed that while the interlayer coupling (I c ) increases dramatically with pressure (up to 270 % GPa −1 ), T c only slightly increases at a rate of 2-6 % GPa −1 , see figure 16 . These incommensurate effects of pressure suggest that the CuO interlayer coupling has little effect on T c of the Bi compounds, in contrast to the ILT-model [124] .
Important for understanding high-temperature superconductivity, these experiments can also provide a basis for technical solutions. For instance, one of the compounds from the Bi family, (Bi,Pb) 2 densities j c up to 70 kA cm −2 have been obtained in such tapes. Higher j c values could be possible and optimization could move beyond the empirical approaches currently being used if a better understanding of the current limiting mechanisms were achieved.
It has been shown, for instance, that while j c at low fields may be increased by improved processing which yields a better inter-grain connectivity, the high-field j c can only be enhanced by strengthening the pinning of vortices within the Bi-2223 crystallites themselves [125] . In this respect, the 2-3-fold increase of the c-axis critical current under the pressure is promising for boosting the overall j c of such tapes. One could possibly design the processing in such a way, that there are large residual stresses in the tape, which would most likely improve both the inter-and intra-grain connectivity of the tapes.
Possible applications of intrinsic Josephson junctions for three-terminal devices
Since the 1950s, when study of the superconducting threeterminal devices started with cryotrons [126] , much attention has been paid to their development [127] . The interest in superconducting transistors is due to their potential advantages, like the ability to sustain high controllable current densities without energy dissipation. Moreover, superconducting transistors are compatible with other superconducting components, and may be required to interface with superconducting electronics. Research on the superconducting transistors has been intensified since the discovery of HTS, which opened ways of making relatively cheap devices operating at liquid nitrogen temperatures. There have already been made many attempts to fabricate different types of HTS transistors [128, 129] . The main types of superconducting transistors are: Josephson vortexflow transistors , electric field-effect devices (SFETs), and quasiparticle-injection devices [128, 129] . They have been shown to work at liquid nitrogen temperatures and to have finite current or voltage gains.
Intrinsic Josephson junctions have an attractive feature, namely the SIS character of their I -V characteristics, suitable for heterodyne (SIS) mixers. The wider energy gap of the high-T c material may increase the operation of SIS mixers up to about 5 THz. Other interesting features are the extremely small thickness of the electrodes of each junction and the easiness of making stacks of different areas and heights. The latter is in a favourable contrast to all other types of high-T c Josephson junctions, for which the fabrication of stacked planar structures has always been a problem. This makes this material promising for three-terminal devices, as will be explained below.
Quasiparticle-injection devices
The principle of such devices is the injection of nonequilibrium quasiparticles into the drain-source (DS) channel from the control electrode through a tunnel junction or weak link, formed on top of the DS channel. The interest in these devices arises from a potential current gain and a fast response time due to the creation of a non-equilibrium state. The characteristic relaxation time of such a state is of the order of 1-100 ps [128] . The change of the density of quasiparticles δn = n − n 0 (T ) due to the current injection is:
where j is the injection current density, τ is the effective recombination time, e is the electron charge, d is the quasiparticle penetration depth, n is the total density of quasiparticles, and n 0 (T ) is the thermally excited density of quasiparticles. Taking j ∼ 10 3 A cm −2 , which corresponds to the injection current I inj ≈ 1 mA through ∼100 µm 2 of the control electrode area, d ∼ 10-100 Å, corresponding to the mean free path of quasiparticles, and τ ∼ 1 − 100 ps, one gets δn ∼ 10 10 − 10 11 cm −3 . This value has to be compared with n 0 (T ). For a BCS superconductor, this number is exponentially decaying with decreasing temperature, n 0 (T ) ∝ exp(− /T ). To get n 0 (T ) of the same order of magnitude as δn one has to work at low temperatures. Estimations show that the temperature should be less than 20-30 K for such a quasiparticle-injection device to work. The most indefinite parameter in this consideration is the effective recombination time τ and the mean free path of quasiparticles.
For quasiparticles injected at much higher than energies this time involves the electron-phonon relaxation and phonon escape times due to an avalanche-like creation of the secondary quasiparticles. These times are usually several orders of magnitude longer than τ ∼ 1 − 100 ps, used in the above estimation. This may drastically improve the lowfrequency responsivity at T ∼ 70 K, but, unfortunately, decrease the cut-off frequency down to 1-10 GHz. One should therefore find a trade-off solution opting between speed and responsivity of the device.
Electric field-effect devices
An electric field applied to a superconductor via an insulating barrier changes the density of the Cooper pairs in a thin layer of the depth d of the superconductor close to the superconductor-insulator interface. As the pair potential of the superconductor is a function of the Cooper pair density, all superconducting properties in the field-penetrated layer depend on the applied electric field. The characteristic length, which has to be compared with the field-penetrated depth d is the superconducting coherence length ξ . The condition d ξ(T ) should be satisfied for the effect of the applied field to be seen in the superconducting properties of the DS channel. In the majority of high-T c superconductors, d is of the order of 1-10 nm [128, 130] and ξ(T ) is of the same order, in contrast to low-T c ones, for which d ξ(T ), and the field effects are small.
The arrangement of the suggested IJJ-FET transistor is the same as for the quasiparticle-injection one. The only difference is that the insulation layer between the control electrode and the stack should be made much thicker to have basically no input current between the two. This is promising for achieving a high current gain. Intrinsic Josephson junctions incorporated in such a type of device favourably feature in comparison to all other high-T c junctions by their planar layered structure and their having a short coherence length in the c-axis direction. As compared with the previous work [130] , the suggested IJJ-FET is more feasible because all junctions affected by the electric field contribute to the output voltage, and even one IJJ is enough for the device to be operative.
Moreover, in the usual in-plane geometry [128, 130] , the superconducting sheets which are further away from the gate electrode and which are less affected by the field, just short electrically the 'useful' ones. Therefore the field-response of thick layers of HTS material is basically much smaller than that for a thin layer ∼10 nm [130] .
Josephson vortex-flow transistors
In such devices, a drain-source (DS) channel is formed by a long Josephson junction or by a number of short Josephson junctions connected in parallel. The control line is usually put close to the channel, and the magnetic field induced by the current in the control line generates Josephson vortices in the junction. The vortices suppress the critical superconducting current I c of the junction and, once they flow under the influence of the drain-source current I DS , they change the junction resistance. Such transistors could have excellent decoupling of the input circuit from the output one and may operate at frequencies 500 GHz [128] .
A simplified schematic of the suggested device is shown in Figure 17 (b). There is a stack of 10-100 intrinsic Josephson junctions with contacts on the top and near the base of the stack (drain and source). The dimensions of the stack, which can be used for estimations, are 100×2×0.05 µm 3 (a 'long' junction). A thin-film control line on top of the stack is electrically isolated from the stack. The control current I cont produces a magnetic field, which, once it becomes larger than the first critical field H c1 , generates the Josephson vortices in the stack. H c1 for the Bi-2212 material may be estimated from the formula [4] 
e J ≈ γ γ 0 ln λ s (6) where e J is the line energy of the vortex, λ ∼ 150-200 nm is the London penetration depth, γ is the anisotropy ratio (0.02-0.01 for the Bi-2212 compound) and γ 0 = ( 0 /4πλ) 2 is the characteristic energy scale, which determines the selfenergy of the vortex. The estimation yields H c1 ∼ 10 G, which agrees with experiments on vortex flow in long stacks of IJJ [23, 24] . I cont needed to induce such a magnetic field in the stack may be easily estimated from the formula 4πI cont /cw for the magnetic field H between the film and the superconducting 'mirror'. Here c is the velocity of light and w is the width of the control line. For w ∼ 2 µm, we get I cont ∼ 1 mA. This means that just small currents are sufficient to control the vortex motion in the stack for the simplest geometry of the device.
High-frequency mixers and the voltage standard
The high critical temperature and superconducting gap, and the natural arrangement of stacked IJJ was thought to be promising for (heterodyne) mixing to produce a conversion gain. If anything, the only successful attempt to use IJJ for mixing high-frequency signals so far has been undertaken in [131] . The observed W-band-mixing behaviour, see figure 18 , could be explained by interactions between the external microwave signals and the collective Josephson plasma resonance of the stack of IJJ [131] . However, the present technology requirements for heterodyne mixers are too demanding for IJJ to be used at this time.
Another tempting application of the Josephson effect is the voltage standard based on hysteretic Shapiro steps crossing the voltage axis at zero current. While the LTS voltage standard has already been implemented in the form of large (>10 000) arrays of LTS junctions [132] , HTS stacks of intrinsic junctions could be particularly attractive because of their high degree of portability and high operational temperature. The phase locking across the whole array can be easily achieved also because of the tiny thickness of intrinsic electrodes.
Microwave phase locking steps in stacks of IJJ have been successfully observed in the I -V curves of several studies [133] [134] [135] [136] . The steps were sometimes composed of fundamental and several subharmonic ones [133, 134] . However, the effects were associated with vortex motion in the mesas of relatively large size rather than with the Shapiro zero-current-crossing voltage steps [133, 134, 135, 136] . Microwave experiments on small sub-micrometresized stacks are therefore advisable to avoid complications related to vortex motion.
Conclusions
Numerous experiments on the intrinsic Josephson effect have been conducted up to date. The literature on the subject is quite extensive. The experiments on IJE have already yielded many fresh insights into physics and our understanding of high-temperature superconductivity. The continuing research may hopefully lead to devices having useful technical applications as well.
